RIMARY PERCUTANEOUS REPERfusion for patients with acute ST-segmentelevationmyocardial infarction (STEMI) has been shown to reduce mortality and is consideredthestandardofcarewhenavailable. 1, 2 The benchmarked standards for time to reperfusion have shortened over time; despite significant reductions in door-toballoon times over the past few years in theUnitedStates,theSTEMImortalityrate has not significantly improved. 3, 4 Patients with acute STEMI, representing 30% to 45% of approximately 1.5 million hospitalizations for acute coronary syndromes annually in the United States, 5 are still at substantial acute mortality risk with 1-year mortality estimated to be between 6% and 15%. 2,5 This may be related to microvascular obstruction resulting in no reflow at the time of mechanical reperfusion and infarct expansion over time. 6, 7 Additionally, this increase in infarctsizeisassociatedwithadverseremodeling and decreased left ventricular (LV) function leading to heart failure and longterm morbidity following STEMI. 8, 9 Context Intra-aortic balloon counterpulsation (IABC) is an adjunct to revascularization in patients with cardiogenic shock and reduces infarct size when placed prior to reperfusion in animal models.
Intra-aortic balloon counterpulsation (IABC) mechanically augments coronary blood flow, unloads the left ventricle, and reduces myocardial oxygen demand. 10, 11 Thesefavorablehemodynamiceffectshave ledtodemonstratedimprovementsinoutcomes, and the recommendation that pa-tientswithacuteMIandcardiogenicshock be treated with IABC support and reperfusion. 2, 12, 13 Although an older randomized trial of IABC in patients undergoing percutaneous transluminal coronary angioplasty for high-risk STEMI showed a modest potential effect on recurrent ischemia, 14 morerecentobservationalstudiessuggestapossibleclinicalbenefitinpatients with high-risk STEMI receiving IABC prior to reperfusion with percutaneous coronary intervention (PCI) and stenting, 15 with increased clinical use at an early stage in the United States. 16 Preclinicalanimalstudieshavedemonstrated that unloading of the left ventricle with IABC prior to reperfusion reduces infarct size and myocardial salvage. [17] [18] [19] Therefore, we performed a randomized controlled trial to determine if IABC inserted prior to primary PCI compared with primary PCI alone (standard of care) reduced infarct size in patients with acute anterior STEMI without cardiogenic shock. In addition, a 6-month follow-up for clinical events including all-cause mortality, repeat infarction, and new congestive heart failure was planned.
METHODS
The methods used in the Counterpulsation to Reduce Infarct Size Pre-PCI Acute Myocardial Infarction (CRISP AMI) trial have been previously reported. 20 In brief, CRISP AMI was a prospective, open, international,multicenter(N=30)randomized controlled trial to determine if a routine strategy of IABC insertion prior to primary PCI reduced infarct size in patients with acute anterior STEMI without cardiogenic shock. Patients in the standard of care group of the trial received primary PCI without planned IABC support.
Institutional review boards and ethics committees approved the trial, and each enrolled patient provided written informed consent. The Duke Clini-cal Research Institute (Durham, North Carolina) coordinated the trial and carried out the data management and analyses with oversight from the steering committee. An independent data and safety monitoring board monitored the study and oversaw the safety and efficacy of the trial. Members of the steering committee were involved in study design, provided oversight during the conduct of the study, and had full access to the data after data lock and unblinding.
Study Population
To determine if IABC reduces infarct size, a population of adult patients within 6 hours of chest pain onset and planned primary PCI for acute anterior STEMI with significant myocardium at risk were sought for inclusion into the study. A 12lead electrocardiogram demonstrating ST-segment elevation of 2 mm or higher in 2 contiguous anterior leads or a total elevation of 4 mm or higher in anterior leads was required for inclusion demonstrating significant at-risk myocardium. Patients with indications for planned IABC insertion such as cardiogenic shock, inability to undergo IABC implantation, fibrinolysis within 72 hours of presentation, or known contraindication for cardiac magnetic resonance imaging (MRI) for end point assessment were excluded. Because the primary end point was infarct size, patients with known prior myocardial infarction (MI) or coronary artery bypass graft surgery also were excluded.
Interventions and Procedures
Patients were randomized to prereperfusion initiation of IABC and mechanical reperfusion with PCI (IABC plus PCI) or primary PCI alone. Patients randomized to receive counterpulsation therapy were required to have the intra-aortic balloon inserted and pumping prior to PCI (defined by insertion of the guidewire into the infarct-related artery). Patients randomized to PCI alone may have had subsequent insertion of IABC if there was clinical deterioration. Criteria provided to investigators considering rescue IABC and crossover to counterpulsation in-cluded sustained hypotension or cardiogenic shock, uncontrolled arrhythmias, andacutemitralregurgitationorventricular septal defect.
To ensure rapid reperfusion, sites with demonstrated ability to meet guideline standards were chosen (median door-todevice time Ͻ90 minutes). A 24-hour interactive voice response system was used for stratified block randomization, which was based on a computer-generated algorithm. Allocation occurred in random blocks and was stratified by region. In addition, data regarding the timing of first medicalcontact,randomization,IABCinsertion,andfirstdevicewerecapturedand monitored by the steering committee and the data and safety monitoring board during the conduct of the trial to ensure continued high-quality care.
For participants randomized to receive IABC plus PCI, balloon counterpulsation was recommended for at least 12 hours with a maximum of 24 hours after PCI. For patients with hemodynamic instability, counterpulsation could be continued for longer periods at the discretion of the investigators. Standard guideline-driven therapy (specifically, the use of antiplatelet and antithrombin agents) was recommended at the time of PCI at the investigator's discretion in accordance with the standard of care at the institution. 2 In addition to standard demographic information, site investigators also reported race and ethnicity on a standard predefined case report form to explore potential differences in outcomes. Sites also collected data regarding the primary PCI procedures, a 12-lead electrocardiogram, available laboratory tests and cardiac biomarkers, and concomitant pharmacotherapy andperformedcardiacMRIrecommended between 3 and 5 days after PCI.
Cardiac MRI
The cardiac MRI protocol to determine infarct size has been described. 21, 22 In general,cardiacMRIusingstandardsequences wasperformedformicrovascularobstruction,areaatrisk,LVdimensions,andfunction. Delayed enhancement infarct size imaging was performed after intravenous administration of 0.15 to 0.20 mmol of gadolinium-chelateadministeredperkilo-gram of body weight. 23 A central cardiac MRIlaboratoryattheUniversityofLeipzig HeartCenter(Leipzig,Germany)qualified participating sites, performed quality assessment on images during the conduct of the study, and manually performed blinded assessment for LV myocardial mass, microvascular obstruction, area at risk, and infarct size. 21 Myocardial salvage index was calculated as area at risk − infarct size/area at riskϫ100.
Outcome Measures
The primary efficacy end point of the trial was infarct size as a percentage of the total LV mass as measured by cardiac MRI. The primary objective was to determine if in-farctsizewasreducedwithIABCinatleast 1 of the 2 primary analysis populations: (1)modifiedintention-to-treat(ITT)population or the (2) subset of the modified ITT population, which included patients with a nondistal left anterior descending lesion and Thrombolysis in Myocardial Infarction (TIMI) flow score of 0 or 1.
The primary safety end point included all-cause mortality and the rate of major adverse cardiac events including death, repeat MI, and heart failure at discharge, at30days,orat6months.Secondarysafety endpointsincludedmajorbleedingevents defined by the Global Use of Strategies To Open Coronary Arteries (GUSTO) trial, transfusions,andmajorvascularcomplications defined to include limb ischemia requiring intervention, distal embolization, major dissection, pseudoaneurysm or arteriovenousfistula,hematomalargerthan 5 cm, and amputations. An exploratory analysis also was conducted for the composite of death, shock, and heart failure.
Statistical Analysis
Baseline characteristics, procedural characteristics, and primary and secondary outcomes were described using mean, median, standard deviation, and 25th and 75th percentiles for continuous variables; frequencies and proportions were used for categorical variables. For the primary end point of infarct size measured by cardiac MRI, the null hypothesis of equal infarct size between the IABC plus PCI group and the PCI alone group was tested using the t test for both of the 2 primary analysis populations. The point estimate and the P value based on the t test are reported.
For secondary end points, 2 tests or Fisher exact tests (for small frequencies) were used to compare the 2 groups with discrete outcomes, while t tests or Wilcoxon tests (for nonnormal data) were used to compare the 2 groups with continuous variables. Kaplan-Meier curves and log-rank tests were used for the survival analyses to compare the outcomes oftimetodeathandtimetocompositeend points. The time to events (death; death, MI, or congestive heart failure; or death, shock, or congestive heart failure) analyses included all randomized patients and censored individuals at the time of withdrawal or when lost to follow-up; the analyses for infarct size for the modified ITT population included only those individuals with available data on the outcome.
To account for missing data, sensitivityanalyseswereconductedtosupplement theprimaryanalyses.Thisincludedamultiple imputation approach that used baseline characteristics to build a regression model to impute missing data with 1000 imputations,aswellasbestandworstcase scenarios (if data were not missing at random) in which the best case used minimal (or maximum) infarct size to impute missing data for the IABC plus PCI group (or the PCI alone group) and the worst case used maximum (or minimal) infarct size to impute missing data for the IABC plus PCI group (or the PCI alone group). Giventheobservedimbalancesinbaseline variables, a post hoc analysis adjusting for thedegreeofST-segmentelevationatbaseline was conducted for infarct size.
A P value of less than .025 (2-sided significance testing) was considered statistically significant in the 2 primary analyses with Bonferroni adjustment. A P value oflessthan.05wasconsideredstatistically significant in all secondary analyses. All statistical analyses were performed using SAS version 9.2 (SAS Institute Inc, Cary, North Carolina).
Sample Size
Sample size and power calculations have beenreported. 20 Inbrief,thecomputations werebasedon2primaryanalyseswiththe same primary outcome of infarct size in 2 different populations: (1) the modified ITT population and (2) a subset of the modified ITT population, which includes all participants with a nondistal left anterior descending lesion and a TIMI flow score of 0 or 1. The study was designed to detect a 25% reduction in infarct size for the IABC plus PCI group relative to the PCI alone group in at least 1 of the 2 ITT populations. Based on prior trials evaluatingischemiareperfusiontherapies, a 25% reduction in infarct size was believed to be both feasible and clinically meaningful. 24, 25 Assumptions such as the mean and standard deviation of infarct size as well as the missing rate and the percentage of participants in the subset of the modified ITT population were based on 2 sets of preliminary data. 16, 22, 26 A type I error of 0.025 was used for each of the 2 primary analysestomaintainanoveralltypeIerror rate of 0.05. Accounting for a 10% to 13% missing data rate, a total of 300 randomized participants were planned to be included to maintain at least 81% power in bothprimaryanalysestodetecttheclinical significance of a 25% reduction in infarct size in at least 1 of the 2 ITT populations. The data and safety monitoring board reviewed the power recalculation using the updatedassumptionsbasedontheblinded interim data of the first 150 patients; the updated power was at least 83% or higher with a total of 300 participants.
RESULTS
Atotalof337patientswithanteriorSTEMI without shock were randomized and enrolled at 30 sites in 9 countries from June 2009throughFebruary2011;161patients were randomized to the IABC plus PCI group and 176 patients were randomized to the PCI alone group. Fifteen patients (8.5%)inthePCIalonegroupcrossedover and also received IABC (5 patients prior to PCI and 10 patients after PCI). Four of the 15 patients in the PCI alone group who also received IABC died by day 30. Eightpatients(4.9%)intheIABCplusPCI group did not receive IABC (FIGURE 1) . Two patients in the IABC plus PCI group and 5 patients in the PCI alone group died prior to receiving a cardiac MRI; however, MRI was performed and evaluable in 275 patients (82%). Complete follow-up (median of 183 days in both groups) was available in all but 8 patients (2.3%); 5 patients in the IABC plus PCI group and 3 patients in the PCI alone group withdrew consent or were lost to follow-up prior to the scheduled 6-month follow-up ( Figure 1 ).
Baseline Characteristics
The 2 groups were well balanced with regard to baseline characteristics ( Table 1 as well as treatment group and region for imputing missing data) found a difference in infarct size between the 2 groups that was similar to the per-protocol analysis ( Table 3 ). The observed treatment difference could range 
COMMENT
The CRISP AMI trial was designed to test the hypothesis that IABC inserted prior to primary PCI and continued for at least 12 hours after PCI would reduce myocardial infarct size in patients with large anterior STEMI presenting without cardiogenic shock. Review of the baseline and procedural characteristics demonstrates that the patients were hemodynamically stable at enrollment, had a significant amount of myocardium at risk, and were rapidlytreatedwithreperfusion.Theprincipalfindingfromthisstudywasthatearly planned IABC did not reduce myocardial infarct size as measured by cardiac MRI. Review of all cardiac MRI parameters demonstrates consistent findings. As pre-specified, in addition to all patients randomized, analysis of the subset of patients with the highest risk defined by proximal occlusions of the left anterior descending artery also did not demonstrate a reduc-tionininfarctsizeoranyothercardiacMRI parameter with IABC. Several possible mechanisms may explain the observed findings.
One explanation may be that the beneficial effects with IABC are offset by an increase in infarct size associated with the amountoftimerequiredtoinserttheintraaortic balloon. Although plausible, this seems less likely because the IABC plus PCI group had a median time of first contact to first device that was less than 10 minutes longer than the PCI alone group. In fact, the overall ischemic time as measuredbythetimefromreportedsymptom onset to first device was just longer than 3 hours for all patients and there was only a 10-minute difference between the 2 groups. Another explanation may be related to the timing of cardiac MRI that was performed between 3 and 5 days after PCI and differential end point assessment.
Evaluation of the trial enrollment shows that more than 80% of patients in both groups were able to get evaluable MRIs for infarct size, yielding a sufficient number of patients for the prespecified study power. The infarct size observed was larger than expected, more than 10% of LV mass larger than in prior studies. 26 However, based on prior studies predicting infarct size, 24 the CRISP AMI trial enrolled the highest risk patients in an effort to identify a treatment difference. The observed point estimate for infarct size in both groups makes a significant treatment effect with infarct size reduction with routine IABC unlikely.
A third possibility is that the potential protective effect of LV unloading occurred too late in the course of the MI to salvage significant myocardium in this study. Francone et al 27 and Eitel et al 28 found that little myocardial salvage occurs with ischemic times beyond 120 minutes. Similarly, Bonnefoy et al 29 found that the reduction in mortality that occurred with prehospital fibrinolysis was limited to STEMI patients treated within 120 minutes of symptom onset. In the animal experiments demonstrating significant infarct salvage, unloading occurred immediately prior to reperfusion after 60 minutes of myocardial ischemia. 18 The patients in our study had ischemic times of longer than 3 hours (on average), which may have been outside the window for significant infarct salvage as assessed by cardiac MRI. In contrast to the infarct size findings, the clinical findings demonstrate a potential for an early risk with routine primary PCI in these high-risk anterior STEMI patients without shock. Fifteen of the patients in the PCI alone group crossed over and received IABC based on the investigator's decision, often for sustained hypotension or the development of cardiogenic shock. This led to a small, nonsignificant increase in the number of patients in the PCI alone group who died during the initial hospitalization, notably patients who were not eligible for infarct size imaging. These findings continued to 6 months at which time 9 of the patients in the PCI alone group had died compared with 3 patients in the IABC plus PCI group. The composite of death, shock, or heart failure at 6 months also seems to favor the IABC plus PCI group, highlighting the potential effect of the early risk with the PCI alone group. Review of vascular complications and major bleeding and/or transfusions found similar rates between the 2 groups. These clinical findings are in keeping with data from prior randomized trials with IABC for routine high-risk PCI 30 and for highrisk STEMI patients undergoing angioplasty alone prior to the stent era. 14 Twoclinicalissuesrelatedtothesefindings deserve comment. The first is that high-quality care currently is being provided to patients with high-risk STEMI andischaracterizedbysystemsoptimized for rapid reperfusion and optimal adjunctive medical therapy; this should be taken into consideration in future trials. In the CRISP AMI trial, the 6-month mortality rate was less than 5%; even with the exclusion of patients with shock on presentation,thisfindingisconsistentwithother recent studies.
The second clinical issue revolves around the use of adjunctive ventricular support devices. Unlike patients with cardiogenic shock 12, 13 for whom the guidelinesrecommendintra-aorticcounterpulsation, patients with high-risk anterior STEMI without shock do not seem to garner a reduction in infarct size from early routine use of IABC. Clinicians should continue to be vigilant about identifying patients who are at risk for rapid deterioration and who may benefit from counterpulsation (as seen with the crossover in this trial). Future studies should be aimed at identifying the patient features associated with early deterioration.
This study has several limitations. The CRISP AMI trial used infarct size on MRI as the primary end point, and this is a validated physiological measure of myocardial damage. However, there may not be a direct correlation with long-term clinical outcome due to other physiological mechanisms affecting ventricular remodeling and function. A screening log was not kept at sites and site selection bias cannot be excluded. Additionally, clinical events occurring early prior to the MRI measurement of infarct size may also limit correlations with long-term clinical outcomes. Our study was powered to detect a 25% reduction in infarct size, and we cannot exclude a smaller treatment difference. However, this is one of the largest randomized trials with device therapy in this high-risk population in the literature, and the observed infarct sizes make a missed treatment effect less likely.
CONCLUSION
In conclusion, the CRISP AMI trial randomized patients with high-risk anteri-orSTEMIwithoutshocktoaroutinestrategy of IABC prior to PCI lasting at least 12 hours after PCI compared with PCI alone. This strategy did not lead to a reduction in myocardial infarct size. Clinical outcomes at 6 months were not significantly different between the 2 groups. However, 8.5% of patients in the PCI alone group crossed over to rescue IABC therapy.Thesefindingssupportastandby strategy (rather than routine use) of IABC during primary PCI in high-risk anterior STEMI patients.
